Introduction
Climate change may have signi…cant impacts on society and ecosystems over the next decades. Since a substantial part of expected climate change is likely to be man-made, we are faced with a challenge to decide on emission mitigation policies at international, national and local level [6] . Furthermore, adaptation policies have the potential to lower the overall costs associated with climate change. Given the large number of uncertainties in future emissions, climate system responses, and potential impacts, policy design must be based on best available knowledge, and regularly updated when new results become available. For a number of years, impacts research has been hindered by a lack of climate 1 change scenarios with resolution high enough to capture sub-national variations. Such scenarios are now available from downscaled results of Global Circulation Models (GCMs). In this study, we analyze the e¤ects on agricultural productivity using a regional climate change scenario for Norway for the period 2030 to 2050 -RegClim. 1 Agriculture is one of the sectors that is most likely to be sensitive to the primary e¤ects of climate change, such as changes in growing season, temperature, and precipitation. We seek to establish a statistical relationship between yield per decare for four crops, based on meteorological data from 1958 until 2001, through regression analysis at county level in Norway. In addition, we undertake analyses at the national level. The four crops we investigate are potatoes, wheat (spring and winter), oats, and barley. The meteorological data consist of growing degree days (GDD) and annual precipitation. In addition, a time trend is included to account for long-term technology and productivity changes in agriculture. It will in part account for the CO 2 fertilization response due to the steady rise in the CO 2 concentration level in the atmosphere. Assuming that there are no major changes in agricultural production technologies and practices during this period, we make a prediction of yields per decare for 2040 (as a representative year for the period 2030 -2050) based on the RegClim scenario. Through this analysis we try to detect a climate signal in the annual weather variation and agricultural yield data at this relatively aggregated level (county) in Norway. If such a signal is found, the estimated impacts on agricultural production across regions and four major crops in Norway should be of interest for climate policy planners, agricultural authorities and farmers in preparing for warmer future.
The main methodological approaches studying impacts on agriculture from climate change are presented in a handbook by the UNEP and IVM [4] . There are two categories of tools, biophysical and economic. Biophysical tools can be divided into experimentation, agro-climatic indices, statistical models, processbased models, and spatial or temporal analogues. Economic tools can be divided into economic regression models, microeconomic models, and macroeconomic models.
In this study, we have chosen a biophysical statistical model, which links the primary climate change impacts on temperature and precipitation to changes in yield per unit of land. This choice gives priority to the secondary impacts of climate change. A weakness of this approach is its limited ability to predict the e¤ect of future climate change that lies outside the climate variability of the last decades (upon which the estimates of the model parameters are based); another is that there is an implied assumption of …xed technology [4] . Furthermore, the method is founded on correlation analysis and not necessarily on causal mechanisms. There may be dependency between explaining variables (multicollinearity), and relationships between yield, precipitation and temperature may be non-linear. Moreover, the simple model we have chosen is not able to account for e¤ects caused by variability in weather and extreme weather events on yields [7] . Since we are studying a smaller change in climate (as de…ned by the RegClim scenario), a linear model is probably an acceptable approximation even if the relationships are non-linear. In addition, data availability has put strong restrictions on which variables could be included in the analysis. One example of an important weather variable for plant growth that could not be included is sun radiation, which could be represented through a measure of cloud cover. Through the chosen approach we are able to link changes in climate variables at local level (weather stations) to secondary climate change impacts in terms of changes in agricultural productivity for some crops at county level in Norway. Some major bene…ts of the approach are simplicity, limited data requirements, and the ability to get some control over the signi…cance of various explaining factors. The study is in line with the call of Zilberman et al. (2004) to analyze the impact of climate change on agriculture within a disaggregated modeling framework and a focus on empirical research [25] . The results should indicate if county level is a suitable aggregation level to disclose signi…cant effects, or if this is a aggregation level that only produce moderate e¤ects since more distinct local e¤ects are averaged out [25] .
A recent overview and assessment of climate change impacts in Europe, including agriculture, can be found in Parry (2000) [3] . NILF (1990) provides a comprehensive survey of climate change impacts for the agricultural sector in Norway [12] . Based on average yields in various climate zones, the climate change impact on agricultural productivity is analyzed through a shift in climate zones leading to increased yields for most crops.
An early application of a statistical model is Warrick (1984) , who simulated wheat yields on the US Great Plains, assuming technology as in 1975 and climate conditions as under the 1936 drought [24] . Leemans and Soloman (1993) study the potential yield changes for spring and winter wheat and other major crops at a global scale under a warmed climate. Using a crop-prediction model with Geographic Information Systems (GIS), they report that high-latitude regions will be the bene…ciaries of climate change, enjoying extended growing seasons and increased productivity [8] . Rötter and Van de Geijn (1999) provide a comprehensive review of climate change impacts on livestock and crops yields, including wheat, potatoes, barley and oats. They emphasise the importance of elevated CO 2 concentration and quantify potential yield responses to predicted rises. The authors give a detailed overview of the …ndings of studies concerned with crop growth, physiology and phenology [20] . Bootsma et al. (2001) use linear regression analysis to examine the relationship between barley yields (among others) and climate variables in Atlantic Canada. They conclude that climate change is unlikely to have a signi…cant impact on barley yields, though a doubling of CO 2 could lead to a 10-15 % increase [1] . Nonhebel (1996) examines the e¤ects of rising temperature and increases in CO 2 concentration on simulated wheat yields in Europe. She …nds that higher temperatures cause faster crop growth, leading to a shorter growing period and a decline in yield. CO 2 has the opposite e¤ect, with a doubling of atmospheric concentration leading to a 40 % rise in yields. Nonhebel also suggests that in general, changes in the availability of water can have a greater impact on yield than changes in temperature, but summarises that where precipitation patterns remain largely constant, negative e¤ects of higher temperature are o¤set by positive e¤ects of CO 2 enrichment [13] . Riha et al. (1996) and Mearns et al. (1996) stress the importance of taking variability in temperature and precipitation into account when making crop yield predictions; both studies demonstrate that increased inter-seasonal variability can reduce yields [10] [18]. Ozkan and Akcaoz (2003) analyzed the impacts of annual and season variation of 27 climatic variables on the yield of wheat, maize and cotton in the Cukurova region of Turkey based on data from 1975 to 1999 [14] . They found that the most signi…cant climatic factors for wheat yields were maximum temperature during planting time and maximum rainfall during ‡owering time. The wheat model could explain 46 % of the variation of yield. Parry and Carter (1989) provide an overview of higher-order impacts of climate change on agriculture following …rst-order impacts. They report the results of impact and adjustment experiments conducted in …ve case studies (Iceland, Finland, Japan, Saskatchewan in Canada, and northern parts of the former USSR), employing farm simulations and input-output models. They discuss the consequences of biophysical e¤ects for farm income and pro…tability, food production, regional production costs and the wider economy. They then go on to consider potential managerial, technological and policy responses to these possible outcomes [16] . Mendelsohn et al. (1994) use Ricardian analysis to examine the impact of global warming on agriculture in the USA. They report negative climate impacts using a 'farm land' model, but a positive outcome using a 'crop revenue' approach. Their …ndings highlight the importance of taking adaptation factors into account when evaluating climate e¤ects [11] .
The following section introduces the statistical model, while Section 3 goes on to give details of how data were collected and prepared for the analysis. In Section 4 results are discussed. Section 5 considers further analysis, before ending with conclusions in Section 6. Data tables can be found in Annex 1, detailed results from the analysis in Annex 2 and 3, and …nally a description of model variants in Annex 4.
Description of the model
A statistical model relating yield per decare to meteorological data is employed. The relationship between yield per decare, Y , and temperature, T , precipitation, P , and a time trend, , is assumed to be linear. Temperature is measured in growing degree days (GDD). The equation is
where i is the index for crop, i is potatoes; wheat; oats;and barley, j is the county index, and t is the time index denoting annual observations from 1958 until 2001. ! ijt is the error term.
2 GDD is de…ned as the annual sum of degrees accumulated above a 5 C threshold. Through an ordinary least squares (OLS) regression we seek to correlate variations from year to year, in yield per decare, to the variability in growing degree days (GDD) and precipitation. The estimated parameters are b ; b ; b ; b , where the indices are left out for simplicity.
We were unable to take explicit account of a number of non-climate factors. However, a time trend variable was included in the regression runs to account for general long-term time trends which may have been in ‡uenced by a number of other factors. Examples of such in ‡uences are technological change and innovations (e.g. improvements in agricultural inputs and/or practices, and/or changes in production patterns), increased productivity due to other climate variables, and a fertilizer e¤ect from increased CO 2 concentration in the atmosphere. As an alternative to the time trend we included CO 2 concentration in some of the regressions (see Annex 4 for a closer description of this model variant). Sunlight is another important weather variable for crop yields since it provides energy for photosynthesis. However, as meteorological stations were unable to provide relevant proxy data (i.e. cloud cover observations) for the complete period of our study, we were not able to include this variable in the analyses.
We carried out regressions at the national level by merging county data into two di¤erent variants of the model. In the …rst, we allowed di¤erent constant terms for each county, whereas we assumed that the marginal e¤ect of changes in weather data was the same for all counties. This model variant implies that there are di¤erences in the yield level across counties, but no di¤erences in the marginal yield of changes in the weather (i.e. GDD and precipitation). This is modelled through an additive dummy variable for each county with the exception of Akershus/Oslo, which is taken as the reference county. In the second model variant, di¤erent constant terms are retained, but in addition we allow for a shift in the marginal e¤ect (slope) of annual precipitation by adding a multiplicative dummy variable to the precipitation variable for each county. The latter model variant implies that there are systematic di¤erences between counties with respect to the level of yield per decare for a crop, as well as with respect to the marginal e¤ect on yield of changes in precipitation, but no di¤erences in the marginal e¤ect of changes in GDD. The di¤erent treatment of GDD and precipitation is based on regression results at county level, that indicated there is a larger variance in the marginal e¤ect of precipitation across counties than in temperature (GDD) (see Section 4).
Variants of the model
The main model contains GDD, annual precipitation, and a time trend as independent variables, and was employed on each crop at county level and at national level. However, a number of model variants were tested on the crop yield and weather data before ending up with this model. The chosen model produced more signi…cant coe¢ cients and a better …t to the data than the alternatives. The model variants included growing season precipitation, carbon dioxide concentration (in di¤erent data formats), frost events in the spring (in di¤erent data formats), fertilizer use for the latter part of the estimation period, and logarithmic or quadratic weather variables. 3 See Annex 4 for a more detalied account of the model variants that were tested.
Yield predictions for the RegClim scenario
The equation for predicting yield per decare for crop i in county j under the RegClim climate change scenario, b Y ijR , is
where b T jR is GDD and b P jR is precipitation in the RegClim scenario in county j, and R is the time trend in 2040 (representing the RegClim period 2030-2050). R is the index for the RegClim scenario.
Data
The dependent variable is yield per decare for each of the crops potatoes, barley, oats and wheat. The independent variables are the weather data GDD and annual precipitation, in addition to the time trend.
Time periods
For each crop and county analyses were undertaken for the main period 1958-2001, given that the required data was available. In the absence of su¢ ciently comprehensive data at county level to enable the incorporation in the model of a variable for technological change, national fertiliser use …gures were examined for clues as to what sort of impact one might expect farming practices to have had on crop yields from the 1950s until today. 4 It appeared that the 44-year period of our study could be split into three 'phases' with respect to fertiliser consumption (in terms of the total value of all varieties sold). The …rst phase, from 1958-1973, saw a slow, steadily increase in the amount of fertiliser bought, the second, from 1974-88, demonstrated a continuous, sharp rise in sales, while the third phase, 1989-2001, was less clearly de…ned, but illustrated an overall declining trend. In light of this information, separate regressions were conducted for each of these three time periods. If yields were found to have responded di¤erently during the three phases, this might be detected when we compared each sub-set of the analysis.
Crop data
Annual yield data was supplied by Statistics Norway and collected at county level for each of the four crops in this study [21] . 5 6 In Norway there are 19 counties. However, since yield data for Akershus and Oslo are reported together there are 18 geographical units in this study. Annual yield was calculated by dividing the total production of each crop per county by the agricultural area employed in the cultivation of that crop (in that county), and was measured in kilograms per decare.
A complete set of crop data for the years 1958 -2001 for each county was not available, most notably in northern and western regions. In such cases, one of three approaches was taken: where a single value was missing from a time series, it was interpolated by calculating the average of the recordings directly preceding and following it; where more than one consecutive …gure for a crop was unavailable, the missing years were removed from our analysis and the data series was broken up into two shorter time periods; and …nally, where there were more than two consecutive breaks in the data, the entire crop for that county was omitted from the analysis. 4 Budsjettnemnda for jordbruket, NILF (Norwegian Agricultural Economics Research Institute), 2002. 5 Approximately 70 per cent of wheat grown in Norway is sown in the spring and the remainder is planted in the autumn. Annual and regional variations are largely determined by weather conditions, though a general rule, winter wheat production is con…ned to the counties of South-Eastern Norway (Østfold, Vestfold and Akershus), where the climate is milder and thus more suitable for crops with a high sensitivity to low temperatures. 6 In the period 1957 -1983 the area data was based on annual sample surveys, except in 1959, 1969 and 1979, when a full censuses were carried out. Since 1984, administrative sources have been used, that is, applications for governmental production subsidies, except 1989, when a full census was carried out. In terms of production and yield, up until the mid1970s, the best judgement by o¢ cials in agricultural administration at municipality level has been used. From the mid-1970s until 1989, the source has been annual sample surveys. Since 1990, cereals production has been based on an administrative source, i.e. deliveries reported to the Norwegian Grain/Norwegian Agricultural Authority. Potato production is still based on annual sample surveys. 7 
Weather data
The analysis required data on two climate variables important for crop growth, namely temperature and precipitation, at county level in Norway. The data was obtained from the Norwegian Meteorological Institute as retrospectively as records permitted, allowing our period of study to extend from 2001 as far back as 1958.
The chosen parameter for temperature was growing degree days (GDD), which is the annual sum of degrees accumulated above a 5 C threshold. It was calculated by aggregating the number of degrees that the daily mean temperature fell above 5 C [23] . 7 This is a useful temperature parameter as it gives an indication of the quality of the growing season over a de…ned period ([23] , p. 17). 8 9 Given that the Norwegian climate restricts the growing season for most crops from April to September, it was decided to exclude recorded GDD from months outside this period. 10 Annual precipitation, measured in millimetres, is the second weather variable. Precipitation accumulated outside the growing season was included for two reasons. Firstly, it is likely that a signi…cant part of the precipitation falling outside this period would be retained as moisture in the soil, and thereby eventually a¤ecting crop growth when the growing season begins. Secondly, as a large proportion of precipitation commonly falls in the form of snow during the Norwegian winter, when the onset of spring causes it to melt, a large share of it is likely to serve as a water supply, potentially feeding both soil and crops, before and during the growing season. As temperature increases some of the e¤ect of increased precipitation will disappear due to increased evaporation( [15] ).
As the Norwegian Meteorological Institute (DNMI) collects data from weather stations that are located on the basis of meteorological interest rather than along county boundary lines, it was necessary to make some decisions regarding which stations to use and how to aggregate station data to the county level. This process was made more precise with the use of GIS mapping. A digital land use map of Norway, identifying areas of agricultural activity, was obtained from the Norwegian Institute of Land and Forest Mapping (NIJOS), and geographical coordinates of weather station locations were provided by DNMI 7 To give a simple example, if a month contained just two days where the average temperature rose above 5 C, and the average temperature was 7 C on the …rst day and 9 C on the second, then GDD for that month would be 6 C (i.e. 2 C + 4 C). 8 See http://www.smhi.se/hfa_coord/nordklim/report06_2001.pdf. 9 An alternative temperature parameter is E¤ective Growing Degree Days (EGDD), employed by Bootsma et al. (2001) . The authors justify their use of over Growing Degree Days (GDD), explaining that GDD, 'are designed to represent the growth period for perennial forage crops, while EGDD are speci…cally designed to be more applicable to the growth period for spring-seeded small grains cereals'. EGDD is de…ned as the sum of GDD from ten days after the start of the growing season until the day preceding the average date of the …rst frost. They …nd a negative correlation between yield and EGDD, and suggest that this might be due to a higher development rate of crops under warmer temperatures.
1 0 In Norway, the length of the growing season is de…ned as the annual sum of days in which the mean temperature exceeds 5 C. The growing season can also be understood as the actual time period (e.g. April -September).
8 [2] . With the use of GIS software, these two maps were overlaid, allowing stations in closest proximity to the main area(s) of agricultural activity in each county to be identi…ed and selected. This choice was heavily constrained by the availability of continuous time series data over our period of study (due to some stations being built after 1958, some being taken out of service for some years, and others being closed down), and by the fact that not all weather stations had the facilities to collect both precipitation and temperature data. In some cases, output from more than one station was averaged to produce the …nal data set for a county, for example, where it spanned a broad geographic area and no single weather station was thought to be solely representative. In other cases, data from neighbouring counties were also incorporated, based on the assumption that they contributed relevant information about the weather conditions, which stations situated in the county may not have captured due to their location. Where data was simply unavailable and there were no suitably placed stations in neighbouring counties to provide proxy data, the time period in question was omitted from our analysis for that county. 11 Finally, on three occasions, individual observations were interpolated. 12 In these instances, only one month's data was missing from an otherwise complete series.
Analysis at the national level
In order to conduct regression analyses at the national level, it was necessary to produce aggregate weather and crop …gures based on the county data used in previous analyses. Production of each crop per county was calculated as a proportion of total national output (for that crop), and then weather data was weighted accordingly. This gave weather data in counties producing a larger share of the national yield (such as in South-Eastern Norway) a higher weight than in those counties where production of that crop was lower. Where data was omitted from analysis at county level, it was, by necessity, also excluded at the national level.
The RegClim scenario
Projected future values for GDD and annual precipitation were obtained from the RegClim Project -a regional climate scenario for Northern Europe over the next …fty years [17] . Regional Climate Development Under Global Warming Project (RegClim) uses an "Atmospheric Regional Climate Model to estimate the regional climate in Northern Europe and adjacent sea areas, given the best estimates of climate scenarios from a coupled Atmospheric-Oceanic GCM"(RegClim Website, 2002). 13 RegClim predictions consist of a single, average …gure for each weather variable for the twenty-year period from 2030 to 2050. The RegClim scenario only presents one climate change outcome for Northern Europe, whereas other outcomes can be just as likely given a large number of uncertainties involved in such climate scenario estimates.
Predicting future yields
The crop and county cases where the model was able to explain a sizeable proportion of the annual yield variation through changes in annual precipitation and/or GDD during the growing season, and yielding signi…cant coe¢ cients, were selected for the RegClim projections (see Table 1 ). RegClim data, which forecasts the average percentage change in climate variables between two time periods, 1980-2000 and 2030-2050, were then used as the basis for future predictions. We take 2040 as a representative mid-year for the RegClim period.
Before any calculations could take place, however, it was necessary to adjust both model and RegClim weather data to improve their compatibility. As RegClim …gures were only available for individual 50 km 2 grid cells throughout Norway, data were …rst of all aggregated up to county level. Furthermore, to bring …gures in line with model data, predicted weather values were calculated to correspond to regions of agricultural activity, rather than to the county as a whole. Then, using RegClim data, average …gures for the relative, forecast percentage change in GDD and annual precipitation between 1980-2000 and 2030-2050 were calculated for almost every county (with the exception of Vestfold). The next step was to …nd model estimates of the yield for all relevant crops and counties based on average GDD and precipitation for the period 1980-2000. In some cases, our interest extended to all four crops in a particular county, while in others, it was restricted to just one or two. Similarly, in some counties, the model referred to the entire time period of the study, in others it was limited to one or two sub-periods. Next, the average GDD and precipitation for each county was multiplied by the percentage change given by the RegClim scenario. Finally, RegClim GDD and precipitation values were entered into the model to give yield predictions for the selected crops and counties. The e¤ects of changes in GDD and precipitation were calculated separately to measure the independent impact of each variable on agricultural production, and were expressed as a percentage change in estimated average yield in the period 1980-2000.
Discussion of results

General …ndings
The regression results show that there is a positive e¤ect of increased GDD (temperature) on yield per decare only for some crops, counties, and time periods, confer Table 1 (see Annex 2 for a detailed account of results). Overall about 18 % of the 236 cases have a signi…cant and positive GDD coe¢ cient. For 3 % of the cases the GDD coe¢ cient is negative and signi…cant. In the case of crops there are most signi…cant results for potatoes. In terms of regions, the most signi…cant results are found for Northern, mid-, Western, and Southern Norway. Sunlight and high temperatures are more likely to be a limiting factor in northern and western counties than in the south and east. Coe¢ cients for potatoes are between 1.0 and 3.0, with the highest values evident in Northern Norway. This means that an increase of one GDD unit induces a yield increase of 1-3 kg per decare.
14 In addition, there are postive coe¢ cients for barley in seven counties situated in Western and mid Norway, and in Nordland. The coe¢ cients are between 0.13 and 0.27. There are also a few signi…cant coe¢ -cients for oats ranging from 0.16 to 0.31. These results are consistent with the …ndings of Leemans and Soloman (1993) since high-latitude regions are the primary bene…ciaries of a warmer climate [8] . They also reinforce the hypothesis that temperature is a more important limiting factor for crop growth in Northern and Western Norway than in other regions of the country such as Southern and Eastern Norway, where the weather conditions provide higher temperatures during the growth season.
The e¤ect of increased annual precipitation on yield is negative and signi…-cant for many counties and crops, in particular, for Western and mid Norway, and for Nordland (20 % of all cases). On the other hand 5 % of the cases give a postive and signi…cant precipitation coe¢ cient. Another study that …nds a negative impact from increased precipitation on agricultural production is Rosenzweig et al. (2002), where a dynamic crop model is modi…ed to simulate e¤ects of heavy precipitation and excess soil moisture on corn production in the US Corn Belt [19] . The few positive coe¢ cients are found in Eastern Norway. The coe¢ cients range from -2.5 to 1.9 for potatoes, whereas the coe¢ cients for the cereals range between -0.34 and 0.63 (see Table 1 , and Annex 2 for details). There are two possible explanations for the interesting …nding that coe¢ cients have, in some instances, been negative. The …rst is that precipitation may become so abundant that it leads to excess soil moisture. The second could be a result of the positive correlation between increased precipitation and cloud cover. Thus increased precipitation means reduced radiation from the sun, leading to reduced photosynthesis, and thereby reduced yield. Both explanations go some way towards explaining the negative correlations between precipitation and yield evident in Western, mid-, and parts of Northern Norway.
The time trend is positive in most signi…cant cases (overall 37 % of instances), with the exception of potatoes in Northern Norway (and Sør-Trøndelag), where it is negative (which is equivalent to 4 % of the cases). The positive trend can be attributed to long-term productivity gains in agriculture, that can include stuctural changes (fewer and larger farms), better crop varieties, improved farming techiques and equipment, and more e¢ cient fertilizer use. On the other hand, the negative time trend may re ‡ect structural changes in agriculture that a¤ect productivity negatively; these could be related to government policies. The national level analyses only provided signi…cant results for potatoes and barley in the model variant allowing for di¤erent constant terms (but with the same marginal e¤ect of GDD and precipitation, see Table 2 ). For potatoes the sign of coe¢ cients is the same as in county level analyses, though the size of coe¢ cients is smaller. Instead, the model provides for di¤erent constant yields across counties (i.e. the yield component that is not in ‡uenced by GDD, precipitation, or time), where the highest signi…cant yield is found in Rogaland (1871 kg), and the lowest in Finnmark (904 kg). For barley, the GDD e¤ect is not signi…cant. Instead the signi…cant constant terms vary between 378 kg in Sogn og Fjordane, and 229 kg in Nordland. 15 The precipitation coe¢ cient is close to zero, but negative and signi…cant. 
Predictions
Using the model to give predictions for the RegClim climate change scenario in 2040, we …nd that the positive contribution from increased GDD in most of the signi…cant cases (shown in Table 1 ) dominates the negative contribution 1 5 There is no barley yield in Finnmark and there are too few observations in Troms to include in the analysis.
13 from increased precipitation. The predictions for potatoes are shown in Table  3 (details for all crops are found in Annex 3). Only robust predictions are presenteed, which we calculated to +/-20 % (at 95 % interval levels). In these cases, the predicted yield is higher than in the reference situation, which is based on the model's estimated yield for average GDD and average annual precipitation in the period 1980-2000. However, in many cases the yield increase is small, and in some cases yield is reduced. The largest e¤ect is found in Northern Norway, where the predicted yield increase for potatoes is between 30 and 35 %. Other cases where the yield increase is more than 20 % is potatoes in Aust-Agder (1989-2001), potatoes in Vest-Agder (1958-73), and barley in Sogn og Fjordane (1958 Fjordane ( -1973 . In the remaining cases the change is less than 20 % and not considered robust. The relative large prediction intervals re ‡ect that the model can only explain part of the year-to-year variation in yield per decare.
In the …nal column of Table 3 , we give estimates of the changes in the value of potato production resulting from climate change in each of the …ve counties where results proved to be reliable. These …gures are calculated based on the assumption that all factors, other than temperature and precipitation, remain constant from now until 2040; for example, we assume that the same proportion of land is employed in potato production in the future as today. The change represents the di¤erence between the value of production in 1980-2000 (taken as a single average …gure), and the value of production in 2040, that is, if our model predictions do in fact materialise. Future values are based on current prices. Climate change appears to be most bene…cial in Nordland, where yield increases may increase the crop value by almost 6 million NOK, and least advantageous in Finnmark, where the equivalent …gure is around 0.3 million NOK. The latter may seem surprising given that our model predicts that climate change will have the greatest positive impact on yields in this northernmost county of Norway, but when you consider that potato farming is small-scale in the county due to its climate constraints, this …nding seems plausible. If adaptation is taken into account, however, it may well be the case that this …gure turns out to be an underestimate, as farmers may chose to dedicate more resources to potato cultivation as climate change improves productivity. 
Predicted
Further analysis
The estimated (signi…cant) GDD and precipitation coe¢ cients could be used as inputs to estimation of climate change damage functions for the agricultural sector in a cost-bene…t economic modelling framework. In terms of expanding the model, important crop yield variables like sunlight (e.g. using cloud cover as a proxy), fertilizer use, and soil quality could be included. Due to limited data availability, such factors could not be incorporated in this study. Where such data did exist, it was either restricted geographically (e.g. only collected at local sites or at national level) or temporally (only available for limited time periods). Furthermore, the chosen statistical model limited the type of data that could be incorporated. An alternative could be using a crop model, where a more extensive set of relevant plant growth variables could be introduced. However, this approach, together with limited data availability, would limit the representativeness of the results, and lead to di¢ culties when trying to aggregate …ndings to the county level. On the other hand, one could choose an economic model that is representative for larger regions, but that would limit the the model's ability to account for weather variables that are decisive for yield per decare, see for example, Gaasland (2003) [5] . The model approach employed in the study could be transferred to other weather dependent production activities in the primary sectors, for example other crops, and in forestry. And the same modelling could be used for similar studies in other Scandinavian countries.
Conclusions
This study shows that climate change is likely to a¤ect agriculture in Norway. The e¤ect on yield per decare varied with geography and crop. There was a pos-itive yield response to temperature increases in most parts of Norway, with the exception of Eastern Norway. Furthermore, there were indications of a NorthSouth gradient, in the sense that the climate change e¤ects grew stronger as we moved from south to north. This …nding suggests that growing season temperature was more important as a growth limiting factor in colder regions (i.e. Northern and Western Norway) than in warmer regions. In terms of crops, the strongest e¤ect was evident for potatoes. Barley yields, and in particular oats and wheat, were less responsive to changes in temperature. There was a negative yield response to increased precipitation in many parts of Norway, particularly in the west, and in Trøndelag and Nordland. This negative yield e¤ect could be caused by excess soil moisture, which can be harmful to plant growth, or be related to reduced incoming sunlight due to the link between increased precipitation and cloud cover. Western Norway has the highest precipitation rate in the country. Therefore additional precipitation may do crops more harm than good. This negative e¤ect is most pronounced for barley, sometimes apparent for potatoes, but occurs more rarely for oats and wheat. On the other hand, there have been instances where increased precipitation has had a positive effect on productivity, though this has been restricted to potato crops. Indeed, building on the RegClim scenario for 2040, there were robust predictions for increased potato yields in Northern Norway by around 30%, which is equivalent to about 9 million NOK annually, and for some sub-periods in Aust-Agder and Vest-Agder by around 25 %, which is equivalent to about 6 million NOK annually. Through adaptation the negative e¤ects of climate change could be reduced and the postive e¤ects enhanced. Examples of potential adaptive measures include the introduction of new crops and crop variants, earlier sowing, ditching to drain more water from the soil, and the ultilisation of land that has previously been considered too marginal for agricultural cultivation.
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KEY:
Data in bold: t-stat >= 1.8 P1: 1958-1973, P2: 1974-1988, P3: 1989-2001 Time Trend Constant GS-GDD Ann-Pre With respect to temperature, we initially considered annual GDD as an alternative to growth season GDD (de…ned as April to September in our study). However, given the Norwegian climate, the di¤erence between these two measures would have been minimal, as there are few days where the temperature rises above 5 C between late autumn and early spring. Conversely, in the case of precipitation, we considered growth season data as an alternative to annual data, but an annual precipitation …gure seemed more appropriate than a growing season …gure, since a signi…cant proportion of precipitation falling outside the growing season is likely to feed crops during it. This is because a large share of precipitation during winter months is likely to be released as water when the snow melts in spring and early summer, even if some water is lost to runo¤s to rivers, etc.
Inclusion of CO 2 concentration
Data was obtained at the global level (in parts per million) from the Scripps Institution of Oceanography. 16 Di¤erent data formats for CO 2 concentration were explored: atmospheric concentration in ppmv; transformation of atmospheric concentration to a normalized series starting at 0 in 1957 and ending at 56 in 2001; logarithmic transformation of atmospheric concentration; and …nally, a quadratic term from a second-order polynomical was …tted to atmospheric concentration through a regression. These data formats were included either alone as part of the regressions, or in addition to the linear trend. It turned out that the simple time trend behaved as well or better in the regressions than the various CO 2 formats, so we chose to only include the former in the main model. The major reason for this …nding is the dominating linear part of CO 2 concentration in the atmosphere.
Frost events
Frost events can be harmful to crops, grains in particular. Wheat is especially sensitive to sub-zero conditions during its vegetative period, when germination and leaf growth take place. Cromey et al. (1998) found that a late frost event reduced yields by 13 to 33 % for the a¤ected winter wheat crops in the Southland region of New Zeland [9] . On this background we expected that a weather event, such as a late spring frost episode, would be likely to have negative consequences for yield. To capture an element of this vulnerability, a dummy variable was introduced in the model, with '1'indicating the occurrence of one or more 'frost events'during that year in a given county and a '0'representing the absence of one. Given the sensitivity of crops to low temperatures during the early phases of their development, a 'frost event' was said to have taken place when the minimum air temperature during one or more days in May was equal to, or fell below -2 C (or -4 C in a second variant of the model). May was selected as a key month as grains are commonly sown in April in Norway. 17 18 In cases where observations from several weather stations had been used to compile weather data for a particular county, the records of all relevant stations were examined for evidence of frost events. Weather stations were initially chosen due to their proximity to areas of agricultural activity in a county, therefore a frost event occurring at any one of the stations would be likely to have some relevance for at least part of the crop area under cultivation in that county. In terms of our results, we found no evidence to suggest that frost events in ‡uence crop yields. This suggests that the model was not well suited to incorporate such a variable.
Fertiliser application to grain production
The limited fertilizer use data that was available at county level was integrated into the model for the brief period, 1989-1996. Sample surveys provided …gures for the application of commercial nitrogen and phosphorus fertilisers to grain and oil seeds in the form of average kilograms per decare for most counties.
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Based on the assumption that farmers used both nitrogen and phosphorus optimally, the sum of the two was calculated and included as a third independent variable in addition to the two central climate variables -GDD during the growing season and annual precipitation. The analyses showed that fertilizer usefor the limited period data was available -did not have any signi…cant positive e¤ects on yield.
Quadratic and logarithmic variables
The use of quadratic and logarithmic forms of the independent variables (GDD and precipitation) did not appear to improve the model's capabilities for the four test counties we selected in our analysis (Akershus/Oslo, Rogaland, Sør-Trøndelag, and Nordland). Results provided fewer signi…cant coe¢ cients than our main model.
